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Introduction 
Vascular disease, whether it be atherosclerosis, inflammatory or hereditary vasculitide, is a 
systemic disorder with disease in one territory predictive of disease in another.{ADDIN 
CSL_CITATION { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "ISSN" : "0007-1447", "PMID" 
: "14474632", "author" : [ { "dropping-particle" : "", "family" : "Mitchell", "given" : "J R", "non-
dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : 
"Schwartz", "given" : "C J", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" } ], 
"container-title" : "British medical journal", "id" : "ITEM-1", "issue" : "5288", "issued" : { "date-
parts" : [ [ "1962", "5", "12" ] ] }, "page" : "1293-301", "title" : "Relationship between arterial 
disease in different sites. A study of the aorta and coronary, carotid, and iliac arteries.", "type" : 
"article-journal", "volume" : "1" }, "uris" : [ 
"http://www.mendeley.com/documents/?uuid=c7462d35-1541-4a05-9c3d-77524c7d2530" ] }, { 
"id" : "ITEM-2", "itemData" : { "DOI" : "10.1016/j.jacc.2016.04.044", "ISSN" : "15583597", "PMID" : 
"27386771", "abstract" : "Background Fibromuscular dysplasia (FMD) is a noninflammatory 
arterial disease that predominantly affects women. The arterial manifestations may include 
beading, stenosis, aneurysm, dissection, or tortuosity. Objectives This study compared the 
frequency, location, and outcomes of FMD patients with aneurysm and/or dissection to those 
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of patients without. Methods The U.S. Registry for FMD involves 12 clinical centers. This 
analysis included clinical history, diagnostic, and therapeutic procedure results for 921 FMD 
patients enrolled in the registry as of October 17,\u00a02014. Results Aneurysm occurred in 
200 patients (21.7%) and dissection in 237 patients (25.7%); in total, 384 patients (41.7%) had 
an aneurysm and/or a dissection by the time of FMD diagnosis. The extracranial carotid, renal, 
and intracranial arteries were the most common sites of aneurysm; dissection most often 
occurred in the extracranial carotid, vertebral, renal, and coronary arteries. FMD patients with 
dissection were younger at presentation (48.4 vs. 53.5 years of age, respectively; 
p\u00a0<\u00a00.0001) and experienced more neurological symptoms and other end-organ 
ischemic events than those without dissection. One-third of aneurysm patients (63 of 200) 
underwent therapeutic intervention for aneurysm repair. Conclusions Patients with FMD have a 
high prevalence of aneurysm and/or dissection prior to or at the time of FMD diagnosis. 
Patients with dissection were more likely to experience ischemic events, and a significant 
number of patients with dissection or aneurysm underwent therapeutic procedures for these 
vascular events. Because of the high prevalence and associated morbidity in patients with FMD 
who have an aneurysm and/or dissection, it is recommended that every patient with FMD 
undergo one-time cross-sectional imaging from head to pelvis with computed tomographic 
angiography or magnetic resonance angiography.", "author" : [ { "dropping-particle" : "", 
"family" : "Kadian-Dodov", "given" : "Daniella", "non-dropping-particle" : "", "parse-names" : 
false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Gornik", "given" : "Heather L.", "non-
dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : 
"Gu", "given" : "Xiaokui", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { 
"dropping-particle" : "", "family" : "Froehlich", "given" : "James", "non-dropping-particle" : "", 
"parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Bacharach", "given" : "J. 
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"given" : "Michael R.", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { 
"dropping-particle" : "", "family" : "Kim", "given" : "Esther S H", "non-dropping-particle" : "", 
"parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Mace", "given" : 
"Pamela", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" 
: "", "family" : "Sharma", "given" : "Aditya", "non-dropping-particle" : "", "parse-names" : false, 
"suffix" : "" }, { "dropping-particle" : "", "family" : "Kline-Rogers", "given" : "Eva", "non-dropping-
particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "White", 
"given" : "Christopher", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { 
"dropping-particle" : "", "family" : "Olin", "given" : "Jeffrey W.", "non-dropping-particle" : "", 
"parse-names" : false, "suffix" : "" } ], "container-title" : "Journal of the American College of 
Cardiology", "id" : "ITEM-2", "issue" : "2", "issued" : { "date-parts" : [ [ "2016" ] ] }, "page" : "176-
185", "publisher" : "Elsevier", "title" : "Dissection and Aneurysm in Patients 
With\u00a0Fibromuscular Dysplasia: Findings From the U.S. Registry for FMD", "type" : "article-
journal", "volume" : "68" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=e2b14799-
8dac-4bc7-853d-3f1e9cf55798" ] }, { "id" : "ITEM-3", "itemData" : { "DOI" : 
"10.1016/j.ijcard.2011.01.094", "ISBN" : "1874-1754 (Electronic) 0167-5273 (Linking)", "ISSN" : 
"01675273", "PMID" : "21354639", "abstract" : "Takayasu's arteritis (TA) is primary vasculitis. 
Cardiac involvements in TA is due to the consequences of the vascular lesions as well as the 
primary pathology of the heart. The disease activity of TA is known to influence the prognosis 
of TA. We hypothesized that the cardiovascular involvement of TA is related to the disease 
activity. We evaluated the cardiovascular manifestations of TA, and we assessed their relation 
to the disease activity of TA. Two hundred four patients were diagnosed with TA from 
September, 1994 to March, 2009 according to the diagnostic criteria of the 1990 American 
College of Rheumatology. Their clinical features and the laboratory, angiographic and 
echocardiographic findings were retrospectively reviewed. The group with active disease 
activity was defined as satisfying one of the following criteria: i) an elevated ESR or CRP level, 
ii) thickened arterial wall with mural enhancement on CT or MR angiography, and iii) 
carotidynia at the time of the initial diagnosis. One hundred thirty nine patients (69.2%) were 
classified as the active group. The cardiovascular signs and symptoms were not generally 
different between the active and inactive groups. The active TA patients had more frequent 
involvement of the ascending aorta and the aortic arch and its main branches than did the 
inactive group. The active group showed a higher incidence of significant aortic valve 
regurgitation and pulmonary hypertension, and a higher level of NT-proBNP. These findings 
suggest that disease activity plays an important role for the cardiovascular manifestations of 
TA. The TA patients with higher activity have more cardiovascular morbidity compared to the 
TA patients with low disease activity. \u00a9 2011 Elsevier Ireland Ltd. All rights reserved.", 
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"dropping-particle" : "", "family" : "Han", "given" : "Hyejin", "non-dropping-particle" : "", "parse-
names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Choi", "given" : "Seung Hyuk", 
"non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", 
"family" : "Kim", "given" : "Young Wook", "non-dropping-particle" : "", "parse-names" : false, 
"suffix" : "" }, { "dropping-particle" : "", "family" : "Choe", "given" : "Yeon Hyeon", "non-
dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : 
"Kim", "given" : "Duk Kyung", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" } ], 
"container-title" : "International Journal of Cardiology", "id" : "ITEM-3", "issue" : "1", "issued" : { 
"date-parts" : [ [ "2012" ] ] }, "page" : "14-20", "publisher" : "Elsevier Ireland Ltd", "title" : 
"Cardiovascular manifestations of Takayasu arteritis and their relationship to the disease 
activity: Analysis of 204 Korean patients at a single center", "type" : "article-journal", "volume" : 
"159" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=82df35c7-326b-448f-970b-
71fc5aa711c6" ] } ], "mendeley" : { "formattedCitation" : 
"<sup><sup>1</sup>\u2013<sup>3</sup></sup>", "plainTextFormattedCitation" : 
"1\u20133", "previouslyFormattedCitation" : 
"<sup><sup>1</sup>\u2013<sup>3</sup></sup>" }, "properties" : {  }, "schema" : 
"https://github.com/citation-style-language/schema/raw/master/csl-citation.json" }} Despite this, 
routine clinical assessment is typically restricted to a single vascular territory or, when multisite 
assessment is required, will be performed with multiple investigations over multiple visits to the 
hospital.  A routine approach to the global detection and ‘staging’ of vascular disease has yet 
to be ingrained in the vascular assessment. Part of this is the difficulty in performing whole 
body staging and stratification of vascular disease - ultrasound cannot adequately visualize the 
deeper vessels, whole body CT involves radiation exposure, and historically, technical 
limitations have restricted MRI to single sites.  However while the former remain true, the latter 
has changed substantially in recent years.  Advances in scanner hardware, the spatial and 
temporal resolution of modern sequences, table length, and the ability to scan during active 
table movement, means whole body magnetic resonance angiography (WB-MRA) is now 
feasible and practicable in a routine clinical environment.{ADDIN CSL_CITATION { 
"citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1016/S0140-6736(00)04261-6", 
"ISSN" : "0140-6736", "PMID" : "11297960", "abstract" : "BACKGROUND: Choice of treatment for 
atherosclerosis depends on various clinical factors and radiological techniques. We aimed to 
assess the diagnostic accuracy of a new three-dimensional magnetic resonance angiography 
(3D MRA) strategy for the display of arterial vasculature from supra-aortic arteries to distal 
runoff vessels in 72 s. METHODS: We examined five healthy volunteers and six patients over 6 
weeks. Conventional digital subtraction angiography (DSA) was available as reference standard 
in all six patients. Magnetic resonance imaging was done on a commercially available 1.5 Tesla 
scanner. The imaging technique was based on the acquisition of five 3D data sets in rapid 
succession with an optimum single injection protocol. FINDINGS: Compared with conventional 
catheter angiography, according to the findings of two independent and masked readers, 
whole-body MRA had overall sensitivities of 91% (95% CI 0.76-0.98) and 94% (0.8-0.99), and 
specificities of 93% (0.85-0.97) and 90% (0.82-0.96) for the detection of substantial vascular 
disease (luminal narrowing >50%), interobserver agreement for assessment of whole-body 
magnetic angiograms was very good (kappa=0.94; 95% CI 0.9-0.98). INTERPRETATION: The 
technique provides a comprehensive non-invasive approach for morphological screening 
assessment of the arterial vasculature from supra-aortic arteries to the distal runoff arteries.", 
"author" : [ { "dropping-particle" : "", "family" : "Ruehm", "given" : "Stefan G", "non-dropping-
particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Goyen", 
"given" : "Mathias", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { 
"dropping-particle" : "", "family" : "Barkhausen", "given" : "J", "non-dropping-particle" : "", 
"parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Kr\u00f6ger", "given" : 
"K", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", 
"family" : "Bosk", "given" : "Silke", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" 
}, { "dropping-particle" : "", "family" : "Ladd", "given" : "Mark E", "non-dropping-particle" : "", 
"parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Debatin", "given" : "J F", 
"non-dropping-particle" : "", "parse-names" : false, "suffix" : "" } ], "container-title" : "Lancet", 
"id" : "ITEM-1", "issue" : "9262", "issued" : { "date-parts" : [ [ "2001", "4", "7" ] ] }, "page" : 
"1086-91", "title" : "Rapid magnetic resonance angiography for detection of atherosclerosis.", 
"type" : "article-journal", "volume" : "357" }, "uris" : [ 
"http://www.mendeley.com/documents/?uuid=67cc2c53-35c0-4e59-a6ba-39042cd81f07" ] } ], 
"mendeley" : { "formattedCitation" : "<sup><sup>4</sup></sup>", 
"plainTextFormattedCitation" : "4", "previouslyFormattedCitation" : 
"<sup><sup>4</sup></sup>" }, "properties" : {  }, "schema" : "https://github.com/citation-
style-language/schema/raw/master/csl-citation.json" }}  This article will explore the technique 
for WB-MRA, the analysis of the data obtained and the clinical scenarios in which WB-MRA 
should be considered. 
 
  
WB - MRA Technique 
WB-MRA has been described using both 1.5T and 3T clinical scanners, with the only hardware 
requirements being surface coils to cover the whole body, a dual pump injector system 
capable of separate contrast and saline injections, and a table with sufficient reach as to allow 
full body coverage.{ADDIN CSL_CITATION { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { 
"DOI" : "10.1007/s13244-012-0180-1", "ISSN" : "1869-4101", "PMID" : "22836780", "abstract" : 
"OBJECTIVES: To assess the prevalence of cardiovascular findings in asymptomatic individuals 
by means of 1.5-T whole-body magnetic resonance imaging and angiography. METHODS: A 
cohort of 138 individuals (118 men, 20 women) with a mean age of 54 years (SD \u00b1 7.55) 
was referred to whole-body MRI at 1.5-T, including contrast-enhanced whole-body MR 
angiography (MRA) and cardiac MRI. A total of 2,065/2,070 vessel segments (99.8%) and 
cardiac function were evaluated. RESULTS: Approximately one-fourth of the participating 
individuals had vascular abnormalities. In 17 subjects (12.3% of all subjects) significant luminal 
narrowing was observed in at least one vascular segment. Luminal narrowing (mild to severe) 
was observed in 1 (0.7% of all subjects respectively) of the renal arteries, 7 (5.0%) of the carotid 
arteries, and 3 (2.2%) of the pelvic and upper leg arteries, and in 17 segments (12.3%) of 
arteries in the lower leg. In cardiac function and perfusion imaging, wall motion disorders were 
observed in six patients (4.3%), with additional delayed enhancement and isolated delayed 
enhancement present in two cases. Functional parameters differed from reference values in 55 
cases. CONCLUSIONS: Even in an asymptomatic cohort of middle-aged predominantly male 
individuals, atherosclerotic disease is not uncommon and is detectable by whole-body MRI. 
MAIN MESSAGES: \u2022 In middle-aged predominantly male individuals, atherosclerotic 
disease is not uncommon. \u2022 Even in an asymptomatic collective, approximately one 
fourth had vascular abnormalities. \u2022 Using whole-body MR angiography (MRA), 99.8% of 
2,070 vessel segments could be evaluated.", "author" : [ { "dropping-particle" : "", "family" : 
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}, { "dropping-particle" : "", "family" : "Winnik", "given" : "E", "non-dropping-particle" : "", 
"parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Bischof", "given" : "J", 
"non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", 
"family" : "Franke", "given" : "R", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" 
}, { "dropping-particle" : "", "family" : "Reiser", "given" : "M", "non-dropping-particle" : "", 
"parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Kramer", "given" : "H", 
"non-dropping-particle" : "", "parse-names" : false, "suffix" : "" } ], "container-title" : "Insights 
into imaging", "id" : "ITEM-1", "issue" : "5", "issued" : { "date-parts" : [ [ "2012", "10" ] ] }, "page" 
: "485-93", "title" : "Whole-body MRI and MRA for evaluation of the prevalence of 
atherosclerosis in a cohort of subjectively healthy individuals.", "type" : "article-journal", 
"volume" : "3" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=aa278e41-b01a-4dbe-
8034-ee98e7616082" ] }, { "id" : "ITEM-2", "itemData" : { "DOI" : "10.1148/radiol.2501080494", 
"ISBN" : "1527-1315 (Electronic)\\n1527-1315 (Linking)", "ISSN" : "1527-1315", "PMID" : 
"19001152", "abstract" : "The study was approved by the local ethics committee, and informed 
consent was provided by all participants prior to the examination. The aim of the study was to 
assess the feasibility of whole-body three-dimensional (3D) contrast material-enhanced 
magnetic resonance (MR) angiography with parallel imaging in the phase- and section-
encoding directions (ie, integrated parallel acquisition technique [iPAT(2); Siemens, Erlangen, 
Germany]) for all anatomic imaging stations in combination with a single injection of contrast 
material. Whole-body contrast-enhanced MR angiography was performed in 23 patients at 3.0 
T. Images were evaluated by two independent observers for quality on a four-point scale 
(where a score of 1 indicated poor image quality and a score of 4, excellent image quality); 
signal-to-noise ratios (SNRs) and contrast-to-noise ratios (CNRs) were calculated for 
representative vessel regions in each station. Mean image quality scores were 3.13 +/- 1.15 
(standard deviation) and 3.17 +/- 1.14 for observers 1 and 2, respectively (kappa = 0.81). Signal 
intensity measurements revealed mean SNR values between 36.2 +/- 8.0 and 56.2 +/- 17.7 and 
mean CNR values between 29.0 +/- 7.4 and 48.2 +/- 15.7. The data suggest that contrast-
enhanced MR angiography with iPAT(2) is feasible for whole-body applications and allows 
acquisition of 3D data sets with adequate spatial resolution within short measurement times, 
facilitating a single injection of contrast material.", "author" : [ { "dropping-particle" : "", "family" 
: "Fenchel", "given" : "Michael", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, 
{ "dropping-particle" : "", "family" : "Doering", "given" : "Joerg", "non-dropping-particle" : "", 
"parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Seeger", "given" : 
"Achim", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : 
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"suffix" : "" }, { "dropping-particle" : "", "family" : "Rittig", "given" : "Kilian", "non-dropping-
particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Klumpp", 
"given" : "Bernhard", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { 
"dropping-particle" : "", "family" : "Claussen", "given" : "Claus D", "non-dropping-particle" : "", 
"parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Miller", "given" : 
"Stephan", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" } ], "container-title" : 
"Radiology", "id" : "ITEM-2", "issue" : "1", "issued" : { "date-parts" : [ [ "2009" ] ] }, "page" : "254-
63", "title" : "Ultrafast whole-body MR angiography with two-dimensional parallel imaging at 
3.0 T: feasibility study.", "type" : "article-journal", "volume" : "250" }, "uris" : [ 
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"https://github.com/citation-style-language/schema/raw/master/csl-citation.json" }}  Similar 
technical success has been described at 1.5T and 3T, however 3T systems offer the benefit of a 
two-fold increase in SNR and an associated fourfold increase in CNR secondary to longer T1 
relaxation times exerted by contrast at the higher field strength when the same contrast dose 
is used.{ADDIN CSL_CITATION { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "author" : [ { 
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style-language/schema/raw/master/csl-citation.json" }} As a result higher image resolution can 
be achieved with a smaller volume of contrast required with previous work showing contrast 
dose reduction from 40ml to 25 ml at 3T without a significant reduction in SNR.{ADDIN 
CSL_CITATION { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1002/jmri.21930", 
"ISSN" : "1522-2586", "PMID" : "19856438", "abstract" : "PURPOSE: To optimize the contrast 
agent dose and delivery rate used in a novel whole-body magnetic resonance angiography 
(MRA) protocol using a 3.0T MR scanner. MATERIALS AND METHODS: Six groups of 20 
consenting volunteers underwent whole-body MRA, with each group receiving a different 
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For the acquisition of the WB-MRA several techniques have been described including the 
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 Patients are imaged head first and supine without the need for manual repositioning mid-
protocol. Surface coils are used to cover the entirety of the body (Figure 1).  This typically 
requires separate head, neck, spine, two body matrices and peripheral angiography coils. This 
arrangement makes full utility of the maximal achievable signal-to-noise ratio (SNR) at each 
site maximizing spatial resolution which is essential given the 20s acquisition window for MRA.  
 
Imaging of the whole body is acquired in 4 separate numbered stations as follows: 1) head & 
neck vessels extending to the level of the diaphragm, 2) abdominal vessels, 3) upper aspect of 
the lower limb and 4) lower aspect of the lower limb.  Whole body TOF scouts are used for 
mapping the orientation of the vessels for planning the aforementioned stations. Once the 
scout sequences for the individual stations are acquired, pre-contrast mask sequences are 
obtained of stations 1 and 4 using a 3D gradient echo sequence. Subsequent to this, the first 
contrast injection is administered via a single 20G intravenous cannula sited in the antecubital 
fossa. Contrast is administered via a MRI compatible contrast pump injector with contrast 
injection volumes and rates as used in the published literature are described in Table 1.{ADDIN 
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images of the thoracic aorta are used, with signal acquisition triggered when the contrast 
reaches the aortic arch.  Angiographic image acquisition of station 1 and then station 4 is 
performed with three sets of volumetric data for station 4 obtained to optimise calf vessel 
enhancement.  A 10-minute delay between contrast injections is advised to allow for contrast 
washout and reduce artefact from venous contamination.{ADDIN CSL_CITATION { 
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injection is administered, this time coronal oblique fluoroscopic MR images of the abdominal 
aorta are used to time MRA acquisition, with acquisition of station 2 triggered when contrast 
reaches the abdominal aorta, immediately followed by station 3. See Table 2 for typical 
sequence acquisition parameters.  A breathold for station 3 should be performed when the 
primary purpose of the exam is to evaluate the renal arteries. Adjustment for height is typically 
done by increasing or reducing the degree of overlap of the stations.  In exceptionally tall 
individuals (>200cm) where the 4 stations cannot capture the entire vascular tree we would 
recommend excluding the cranial component, with addition of a 3D TOF sequence to 
compensate for the loss of this.   
 
The whole examination including set up would usually take approximately 40 minutes. Despite 
the risk of the seemingly restrictive nature of the whole body coils potentiating patient 
claustrophobia we have found this to be highly tolerable both in healthy volunteers and 
patients.  Locally we have performed over 1,700 scans with this technique with a <5% drop out 
rate due to inability to tolerate the examinations to date which is of equivalence to our routine 
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 Future technical advances in WB-MRA acquisition 
Dual-injection protocols were originally adopted to reduce the effects of venous contamination 
experienced with single-injection methods and to allow for more reliable arterial phase 
imaging due to sensitive control of bolus timing.  However as MRI sequence acquisition times 
become shorter with parallel imaging and under-sampling a re-examination of the benefits 
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demonstrated successful outcomes in WB-MRA with a single contrast injection and a 3T 
scanner in just 60s (excluding preparation and scouts) using enhanced parallel imaging 
techniques. Image quality was deemed to be very good with the exception of abdominal 
stations, raising the possibility that this technique might produce suboptimal images in larger 
patients. A further advance is the development of new moving table hardware, which allows for 
the acquisition of whole body images in a single continuous head to toe movement rather 
than in individual stations. The feasibility of this has been shown by Naguib et al.{ADDIN 
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CT platform at 1.5T. The total scan time was quick at around 7 minutes (inclusive of scout 
sequences and planning) and the examination was completed with a single contrast injection. 
Although the overall data appears promising, only around half of the assessed vascular 
segments were noted to be excellent or good, with 22% being satisfactory and 15% being 
inadequate for analysis, which is significantly below the current bar set by dual injection 
protocols. With evolving protocols, this is a technique to be further explored in achieving a 
quickly obtained and clinically useful dataset.  Similarly, an alternative avenue which holds 
potential for substantial benefits in the time efficiency of the procedure is the mDIXON 
sequence which allows partial background suppression without the need for a pre-contrast 
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Tailoring WB-MRA protocols 
Given the two-stage injection/scanning protocols and the requirement of a suitable time 
interval between them, a dead space exists in the WB-MRA protocol that can be capitalized on 
according to the underlying indication.  Given that most scans are performed for 
atherosclerosis, one of the most frequently used is the addition of cardiac MRI with left 
ventricular assessment and late gadolinium enhancement sequences.  Such an approach has 
been demonstrated to be feasible, both in the combined examination of WB-MRA and cardiac 
MRI including the assessment of cardiac structure, function and late gadolinium enhancement 
(LGE), useful for detection of scarring, and in the addition of neuro imaging for detection of 
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experience combining the WB-MRI protocol with cardiac cine sequences and late gadolinium 
enhancement sequences only incrementally increases examination time from a mean of 40 
minutes to 51 minutes (although this does not include additional time setting up the ECG) – 
See Figure 2 for the order of sequence  acquisition in the combination of these. MR coronary 
angiography is another potential use of this time, which would ideally complement the 
remainder of the WB-MRA being the most significant vascular territory not covered with this 
technique.  However while coronary MRA sequences are improving they are still some way off 
routine clinical use outside specialist centres.{ADDIN CSL_CITATION { "citationItems" : [ { "id" : 
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diabetics with pedal symptoms or those with peripheral neuropathy, dedicated sequences of 
the feet have been utilized with good results, with abnormal findings in 25% of such patients 
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hemoglobin A1c test, low density lipoprotein-concentration, medication) was assessed with an 
age and sex adjusted analysis (generalized linear model). RESULTS: In the diabetic patients, we 
found prevalence rates of 49% for peripheral artery disease, 25% for myocardial infarction, 28% 
for cerebrovascular disease, and 22% for neuropathic foot disease. In all vascular beds, at least 
50% of the pathologies were previously unknown. Myocardial infarction (P= 0.0002), chronic 
ischemic cerebral lesions (P = 0.0008), and atherosclerotic disease were significantly more 
common in diabetic than in control subjects (internal carotid artery: P = 0.006, vertebral artery: 
P = 0.009, intracerebral vessels: P = 0.02, superficial femoral artery: P = 0.006, anterior tibial 
artery: P = 0.01, posterior tibial artery: P = 0.02, fibular artery: 0.003). The WB-MRI/WB-MRA-
based score showed a significant association with age (P = 0.0008), male sex (P = 0.03), 
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While the WBMRA provides an extensive arterial luminal assessment of stenosis and occlusion 
which may be attributable to atherosclerosis,  other underlying arterial pathological processes 
such as large vessel vasculitis,  dissection, or fibromuscular dysplasia  (FMD) may be suggested 
by the  patient history or site and morphology of stenoses. In such cases the WBMRA may 
require supplementary MR sequences to be acquired. These may include post contrast T1 
imaging for wall enhancement in keeping with large vessel vasculitis, T1 and T2 imaging in 
cases suggestive of dissection. If FMD is suspected it is recognised that high resolution 
imaging with CT may be more sensitive than MRA and so WBMRA should not be used to 
exclude the diagnosis of FMD. In addition incidental findings of arterial pathology may also 
require additional imaging such as arteriovenous malformation. 
 
Alternate MRI techniques  
While gadolinium based contrast agents are currently the agent of choice in contrast enhanced 
vascular imaging, there is a growing burden of literature supporting the use of ultra-small 
superparamagnetic iron oxide based contrast agents in vascular imaging.{ADDIN CSL_CITATION 
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holds significant potential for whole body angiography where its vascular steady state can be 
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Venous access can often be challenging - particularly in those with chronic diseases - in 
addition to which those with severe chronic kidney disease are at risk of nephrogenic systemic 
fibrosis (NSF) secondary to gadolinium-based agents. While MRA provides excellent luminal 
assessment, it does not provide any information on the plaque causing the stenosis, and can 
miss non-stenotic atheroma with positive vessel remodelling.  Non-contrast techniques which 
obviate the need for cannulation and/or provide arterial wall assessment are thus an attractive 
option. 
 
A multitude of non-contrast protocols are currently used in clinical practice for regional MR 
angiography, some of which have been available for decades with others being only more 
recently pioneered. These include Time-of-Flight (TOF), Phase contrast (PC), Black blood (BB), 
ECG-gated fast-spin echo, bSSFP (balanced Steady State Free Precession), bSSFP with arterial 
spin labeling and QISS (quiescent interval steady state) sequences. Each has its respective 
strengths and weaknesses and numerous studies have been published comparing these to 
contrast enhanced MRA, the examination of which is beyond the scope of this article. To date 
none of these have been used to obtain a non contrast WB-MRA, although in a healthy 
volunteer the feasibility of combining multiple different non-contrast sequences tailored to 
each of the arterial territories in the body has shown to be feasible.{ADDIN CSL_CITATION { 
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exciting area of development in years to come.  
 
 
Analysis and quantification of vascular disease  
Reporting of WB-MRA images is not any different to the reporting of routinely performed 
regional MRA.  The increased coverage does however increase the chance of incidental 
findings, which are particularly frequent in the cohort typically seen for WB-MRA assessment 
(see Figure 3). However to simply report the location and severity of stenosis, while clinically 
useful, potentially overlooks the additional information such a systemic assessment brings.  
There are several scoring systems that attempt to address this issue.  While each is distinct and 
separate from one another, they all contain the same key themes: the scoring of the major 
arteries according to the maximum degree of stenosis in each, followed by the summation of 
these results.  The most published of these is the ‘Standardised atheroma score’ as described 
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split into 31 vessels, with each scored following a 5 point scoring system based on the maximal 
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Regardless of the precise formula used, the prognostic power of this summative data has been 
well established in several studies.  Lundberg et al. demonstrated that the atheroma burden 
better predicted major adverse cardiovascular events than traditional risk scores, carotid intima 
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in a diabetic cohort with the atheroma score predictive of both single and recurrent 
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strength of a systematic vascular assessment. These findings have also been replicated in a 
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That arterial disease does not occur in isolation has been widely accepted in the literature for 
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subclinical atherosclerosis offers an opportunity to go beyond this to provide witness to the 
extent of disease already in situ.   
 
The ability of WB-MRA to detect and quantify atherosclerotic burden has been well evidenced 
in both symptomatic and asymptomatic cohorts. Laible et al.{ADDIN CSL_CITATION { 
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was present in 27% of a cohort of one hundred and thirty-eight individuals free from 
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The impact of the atheroma burden in terms of prognosis is significant.  In a study of 305 
seventy year olds the presence of atherosclerosis on WB-MRA was associated with an odds 
ratio of 8.86 for a major adverse cardiovascular event compared to those with a normal study 
after adjusting for sex, waist circumference, body mass index, fasting blood glucose, systolic 
blood pressure, HDL and LDL-cholesterol, serum triglycerides, smoking and hsC-reactive 
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those with a normal WB-MRA had no cardiovascular events at 6 years, and in those who did 
have evidence of atherosclerosis, each point increase in atheroma score was associated with a 
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atheroma score yielded a 0.32 improvement in net reclassification of risk, with an increase in 
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additive prognostic benefit of multi-site screening WB-MRA may prove to be an even more 
powerful tool for disease detection and risk stratification.   
 
It could be argued that since patients with clinically apparent cardiovascular disease in one site 
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these the CREST-2 trial is awaited to determine the role of carotid artery stenting in this arena, 
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WB-MRA also provides additional prognostic information.  Multisite disease is associated with 
a significantly raised risk of future major adverse cardiovascular events compared with single 
site disease, and has a greater detrimental effect on future prognosis than the presence of 
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patients with polyvascular disease may warrant more intensive management and follow-up as 
well as being ideal candidates for future novel therapeutic agents.{ADDIN CSL_CITATION { 
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current therapeutic strategies of statins and antihypertensives are cheap, newer monoclonal 
agents such as PCSK9 inhibitors and interleukin-1ß inhibitors are significantly more expensive 
and better disease stratification could optimize patient selection and thus derive maximum 
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In a clinical setting the most immediate application of WB-MRA is to extend already clinically 
indicated MRA exams. The cost effectiveness of extending clinically indicated single site MRA 
into a WB-MRA plus cardiac MRI has been previously demonstrated in those with peripheral 
artery disease.  The extension of the study added only a small cost to the overall cost of the 
planned MRA and reduced overall healthcare costs due to reduced downstream resource 
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determine if the cost savings seen in a PAD population are extendable to those with coronary 
or cerebrovascular disease where total atheroma burden is known to be less than that of 
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Atherosclerosis is not the only systemic vascular disease.  Large vessel vasculitides such as 
giant cell arteritis (GCA) and Takayasu’s Arteritis (TA) have a systemic distribution.  Type V TA 
arises when the neck, thoracic, abdominal and pelvic vessels are involved and occurs in 55% of 
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severe aortic regurgitation, providing an additional role for the inclusion of CMR within the 
WB-MRA protocol in this cohort.  The feasibility of WB-MRA in this clinical setting this has 
been described in a previous study of 8 patients with TA where it was able to locate and 
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abdominal and renal involvement to TA, but has a higher prevalence of aneurysmal vascular 
involvement with 62% of the vessels involved demonstrating aneurysmal dilation.{ADDIN 
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the raw data rather than the subtracted data is needed to ensure partially thrombosed 
aneurysms with a preserved luminal diameter are not missed. Use of the raw data will also 
allow for assessment of vascular wall thickening.   
 
Fibromuscular dysplasia 
Fibromuscular dysplasia is a non-inflammatory vasculitide which afflicts predominantly young 
women, causing vascular stenosis, aneurysms and tortuousity.{ADDIN CSL_CITATION { 
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typically affects, MRA is the ideal modality for the assessment of this.  The typical presentation 
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cranial carotid, renal, and intra-cranial arteries were the most common sites of aneurysm, while 
dissection most often occurred in the extra-cranial carotid, vertebral, renal, and coronary 
arteries.  Iliac and popliteal disease was also found but less common.  As a result a 
recommendation was made for full vascular imaging in all FMD patients.  The high rate of 
intracranial abnormalities would suggest for the augmentation of the standard WB-MRA 
technique with an intracranial TOF angiogram to yield maximum benefits.  Additional coronary 
specific sequences for coronary dissection could be considered and case reports have shown 
the ability to detect intramural haematoma in those with spontaneous dissection, however the 
sensitivity and specificity of this technique has not been established.{ADDIN CSL_CITATION { 
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Conclusion 
Significant advances in MRI technology has allowed for the extension of traditional single site 
MRA to include the entire vasculature in a single examination. Vascular disease is frequently a 
systemic disorder therefore a systematic approach to the detection and quantification of this 
may better diagnose and stratify these.  WB-MRA is a technique that can be incorporated into 
the routine clinical workflow, provides a systematic approach to the assessment of vascular 
disease in a single examination, and yields a high degree of clinically occult but significant 
vascular disease. Future work is required to determine how best to utilize the information 
provided to optimise management of vascular disease.  
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Table 1: Injection protocols available in the literature for the dual bolus injection technique. 
*all protocols use a 10-30ml saline bolus to immediately follow each contrast injection 
 
 First injection* Second injection* 
0.5M Gadolinium based contrast agent 
1.5T 20ml at 1ml/s 20ml at 1ml/s 
3T standardised 10ml at 1ml/s 15ml at 1.5ml/s 
3T weight adjusted 
(0.3mmol/kg) 
40% total volume at 1ml/s 60% total volume at 1ml/s 
   
1.0M Gadolinium based contrast agent 
1.5T 
(0.2 mmol/kg diluted to 60ml) 
Biphasic injection protocol: 1.3 
ml/s and 0.7 ml/s 
 
Table 2: Image acquisition parameters at 3T for a combined whole body angiography and 
cardiac MRI protocol. Amended from Gandy et al.{ADDIN CSL_CITATION { "citationItems" : [ { 
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moderate risk of cardiovascular disease (CVD) were recruited. The protocol was divided into 
four sections: (1) CMR of left ventricle (LV) structure and function; (2) CE-MRA of the head, 
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enhancement\" assessment; and (4) CE-MRA of the abdomen and pelvis followed by the 
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mean ejection fraction (EF) was 67.3 \u00b1 4.8% and mean left ventricular mass (LVM) was 
100.3 \u00b1 22.8 g. The intra-observer repeatability for EF ranged from 2.1-4.7% and from 9-
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- - 25 25 - - - 
ECG Gating - - Retro Retro Pro - - 
Lines/segme
nt 
- - 14 26 25 - - 
Orientation Coronal Coronal 4ch, 3ch 
& 2ch 
SA SA Coronal Coronal 
TR/TE (ms) 2.68/1.00 2.61/0.96 3.37/1.48 3.40/1.50 5.21/1.99 2.60/0.96 3.47/1.21 
FA (o) 19 22 >50 >50 20 16 37 
FOV (mm) 360x500 360x500 >360 >360 >360 344x500 344x500 
Phase FOV 
(%) 
71.9 68.8 84.4 84.4 75.0 68.8 71.9 
Slice (mm) 1.1 1.0 6.0 6.0 6.0 1.3 1.4 
Number 
Slices 
96 80 1 2 2 96 96 
Matrix (pix) 313x512 277x448 216x256 173x256 144x256 264x512 242x448 
Voxel Size 
(mm) 
1.0x0.8x1.1 1.1x1.1x1.4 Variable Variable Variable 1.1x0.9x1.0 1.0x0.9x1.3 
Parallel x3 x3 x2 x2 x2 x3 x3 
Imaging 
K-space Linear 3D centric Linear Linear Linear 3D centric 3D centric 
BW (Hz/pix) 700 700 930 930 287 700 740 
Scan Time 
(Sec) 
18 14 <20 <20 <20 14 16 
Abbreviations used are as follows: bSSFP = balanced steady state recovery; BW = Bandwidth;  FA 
= Flip Angle; FOV = Field of View; i-PAT = integrated Parallel Acquisition Technique; LV = left 
ventricle; Pro = Prospective; Pix = Pixels; PSIR = Phase Sensitive Inversion Recovery; Retro = 
Retrospective; SA = Short Axis; Slice = Slice Thickness; TE = Echo Time; TR = Repetition Time; 
2ch = Two Chamber; 3ch = Three chamber; 4ch = Four Chamber.  
Figure 1: Body coil set-up for performing a whole body magnetic resonance angiogram. 
 
  
Figure 2: Schematic of the order of sequence acquisition for integrated whole body magnetic 




Figure 3: Selection of incidental findings on WB-MRA including a cerebral arteriovenous 
malformation (arrow), inflammatory arthritis (arrow head) and lung malignancy (*). 
 
  
Figure 4: Example of a whole body atheroma scoring system.  The Whole Body MRA is 
separated into 31 vessels (described on the right) with each scored according to their degree 
of stenosis.  This score is then summated, normalized to the number of assessable segments 
and then divided by four and expressed as a percentage of the maximum possible score. 
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Figure 5: Peripheral arterial disease patient with multisite disease revealed by WB-MRA. A- 
Whole body angiogram.  B - Sagittal MIP showing >50% stenosis of the internal carotid artery 
(arrow head). C - Coronal MIP of the renal arteries showing a normal right renal artery but a 
>70% stenosis of the left renal artery (arrow head). D - Coronal MIP showing a long segment 
occlusion of the left superficial femoral artery (arrow) with extensive collateral formation (arrow 
heads). E- Short axis late gadolinium enhancement showing a large unrecognised myocardial 
infarct (arrow head). F – 4 chamber view of the heart showing normal dimensions of the 
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